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Abstract 
A major consideration for post-combustion CO2 capture is the adverse effect of the presence of SO2 on the 
absorption desorption process. The most common approach is to remove the SO2 from the flue gases in a flue gas 
desulfurization (FGD) unit prior the CO2 recovery process. This paper reports the experimental and modeling results 
of a new process for simultaneous removal of CO2 and SO2 for post-combustion applications. This process is named 
CASPER (CO2-capture And Sulphur Precipitation for Enhanced Removal), and is based on the precipitation of 
K2SO4 for sulphur removal. The selected CO2 absorbing solvent is an amino-acid, preferably a potassium amino-acid 
salt solution. The presence of potassium leads to the subsequent formation of K2SO4, which solubility in the CO2 
loaded aqueous solvent solution changes depending on the applied conditions. The optimal crystallization conditions 
were first determined by characterization of K2SO4 solubility window and then evaluated in the lab-scale 
crystallization unit. In the next step the model system based on potassium beta-alanate solutions, also with addition of 
sulphate, were tested for CO2 absorption and desorption pressures by performing VLE (Vapor Liquid Equilibrium) 
measurements at 40oC and 120oC, respectively. Obtained values were included in preliminary technical assessment, 
which showed an energetic improvement of 0.7%-points for the CASPER model solvent system in comparison to the 
baseline 30wt% MEA case.   
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1. Introduction 
Amine-based processes for CO2 post-combustion capture applications are generally accepted as the 
most developed and adequate method for CO2 utilization in the near to middle-term. A major 
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consideration for chemical post-combustion CO2 capture is the adverse effect of the SO2 in the 
absorption desorption step for CO2 recovery. The presence of SO2 may initiate reactions to non- 
renewable compounds. As a result, the absorbing solution effectiveness will be decreased or lost 
completely. Therefore, the amine scrubbing for post-combustion CO2 capture requires an inlet flue gas 
SO2 concentration to be less than 10ppmv [1]. The most common method to ensure this low level of SO2 
concentrations is application of a flue gas desulfurization (FGD) unit prior the absorption desorption 
process for the CO2 recovery. The development of a new, integrated CO2 and SO2 removal system, that 
uses a single contactor to remove both species would reduce the capital and energy requirements, 
therefore can be a much more cost-effective approach. Consequently the main question of the research is 
focused on the step regarding the regenerating system, needed to obtain a combined sulphur and CO2 
removal system. Thus CASPER (CO2-capture And Sulphur Precipitation for Enhanced Removal) is a 
process concept for simultaneous capture, in a single installation, of CO2 and SO2 from flue gases of 
power plants that are fired with high sulphur fuels such as coal, lignite and heavy fuel oil. The concept is 
based on three steps: 
 Chemical absorption of SO2 and CO2 from flue gas by aqueous amino-acid potassium salt solutions. 
The simultaneous removal is be possible as added potassium hydroxide will create a reactive amino-
acid salt [2] and subsequently promote precipitation of potassium sulphate at the conditions limited by 
the solubility window. 
 Conversion of absorbed SO2 via sulphite towards sulphate under oxidation conditions obtainable in 
flue gas conditions. 
 Thermal regeneration of the solvent for the production of a pure CO2 stream. 
In detail; the CO2 and SO2 contained in the flue gas enter the bottom of the packed column and both 
compounds are absorbed into the solvent and removed from the flue gas, which leaves the top of the 
absorber virtually free of acid gases. As SO2 is a stronger acid gas than CO2, it is more readily absorbed, 
and practically all the SO2 contained in the flue gas is absorbed at the bottom of the column, whereas the 
CO2 level is progressively reduced as the flue gas rises through the column. The CO2-SO2 rich solvent is 
sent from the bottom of the absorber via the rich-lean heat exchanger to the stripper for thermal 
regeneration. The CO2 is removed overhead from the stripping column and it is sent to compression. The 
solvent leaves the bottom of the stripper with a lean CO2 loading, but still rich with regard to SO2 content. 
In order to remove the sulphur from the solvent before it is recycled back to the top of the absorber, a split 
stream of the lean solvent is diverted to a crystallization system, which operates at lower temperature. The 
decrease of temperature allows for the precipitation and recovery of solid K2SO4. Due to the fact that the 
mother liquor obtained from the crystallization will contain still active amino-acids, which needed to be 
recycled, the crystals can be washed with a solution of e.g. K2CO3. The wash liquid can be added as a 
make-up stream (to compensate for the removed potassium) in the crystallizer. The CASPER process 
flow diagram is shown below (Fig. 1). 
In this study potassium beta-alanate solvent has been investigated as model system for the CASPER 
process. Presented results were obtained in four specific areas, which together provide a guidance for 
CASPER process design and its direct implementation: 
 Sulphate solubility window,  
 VLE (Vapor Liquid Equilibrium) data,  
 Continuous crystallization process design, 
 Power plant heat integration.   
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Fig. 1. CASPER Process Flow Diagram
2. Methodology
2.1. Sulphate solubility
The solubility of potassium sulphate was studied in 100mL aqueous solutions of 2, 2.5, 3, 3.5 and 4M
potassium beta-alanate at 20, 40, 50 and 60oC. Targeted CO2 loadings of 0.2 (lean) and 0.5mol CO2/mol 
(rich) amino-acid were achieved by addition of KHCO3. At the same time the potassium amount was kept 
eqimolar towards the amino-acid concentrations. The experiments were performed by adding an excess of 
sulphate, either as concentrated H2SO4 or solid K2SO4 and stirring for 2 hours in set temperature, ensuring
no water evaporation. Results of either complete sulphate solubility or visible undissolved solids were 
recorded. Remaining solids were filtered from the solution, dried and weighed. The liquid phase was 
characterized by pH, density and conductivity measurements, and phosphoric acid method was employed
to analyze CO2 concentration, loading in the solution. Ion chromatography was used to analyze sulphate
concentration in both, filtrate and remaining solids. For purpose of solubility window presentation, the
soluble amount of potassium sulfate was expressed as the product of sulphate and potassium ions
concentrations present in the aqueous solution (Equation 1):
Ksp K2SO4 = [SO42-] [K+] [K+]                                                                                                                 (1)
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2.2. VLE 
VLE experiments were performed to determine CO2 absorption by aqueous 3M potassium beta-alanate 
solutions with and without sulphur content. Sulphur concentration used in the VLE measurements were 
based on the maximum solubility values obtained from the solubility window experiments, which 
corresponding to Ksp=0.5. VLE lines were therefore obtained for solutions with 0% (no sulphate added) 
and 100% of Ksp sulphate content. All VLE measurements were carried out in a Büchi stirred laboratory 
autoclave reactor, with a working volume of 0.5L. The gaseous CO2 was supplied by strictly defined 
pulses. To mimic absorption and desorption conditions, temperatures of 40 and 120oC were applied, 
accordingly. Concentrated H2SO4 was used as a source of sulphate. The investigated concentration of 
beta-alanine and potassium hydroxide was always 3M.  
2.3. Crystallization rig 
For the purpose of characterizing the sulphate crystallization, as part of the CASPER process, a lab-
scale system was designed and constructed (Fig. 2). The semi-batch experiments were conducted by, first, 
heating up to 60°C the solution containing sulphate, which exact amount was based on the solubility 
window experiments findings. At the high temperature the sulphate remained entirely soluble in 
continuously stirred solution. When solution was pumped into the cold  tank (crystallization unit with set 
working volume of 3L) at a flow rates ranging between 2.5 to 3.5L/h, the constant cooling and mixing of 
the solution resulted in the sulphate precipitation. Set residence times of the sulphate solution in the 
crystallization tank varied between 0.8 and 1.2h. The slurry consisting of solid and soluble potassium 
sulphate was transferred to the filtration unit to assure overall solid/liquid separation. The filtrate was 
collected in the reservoir or alternatively returned from the reservoir to the crystallization unit. The 
growing cake layer was collected from the filter and solids were weighted. All performed experiments 
were used to determine the optimal residence time, the amount of precipitate obtained (yield) and the 
shape and size of crystals.  
 
 
Fig. 2. Crystallization rig consists of: a completely closed hot tank (12L total volume, A), hot water bath, cold tank (3L of working 
volume, B), filter, filtrate reservoir (15L, E), pumps (C and D), tank with K2CO3 solution (for potassium replenishing), filtrate 
collector (F) and instruments; thermocouples, level and pH meters. 
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2.4. Process design 
The assessment of the technical performance of CASPER has been carried out by a process model 
implemented in a TNO in house spread-sheet application, which is an equilibrium stage model. It gives 
the possibility to estimate the effect of the most relevant parameters (plant capacity, solvent flow rate, 
stripper pressure and temperature) on the capture process. The model can be used to locate the optimum 
operating pressure in the stripper and to estimate the energy consumption. Thus interface quantities, 
defined as MJ/kg CO2, were estimated and compared to reference MEA 30wt% case.  
3. Results and Discussion 
3.1. Potassium Sulphate Solubility Window 
Concentrations of sulphate present in solutions and sulphate quantified as solids were used to establish 
operating conditions for the CASPER crystallization unit. Sulphate solubility window was depicted in the 
form of Ksp values (product of soluble ionic sulphate and potassium concentrations, explained in Section 
2.1) and sulphate concentrations expressed in g of sulphate dissolved in L of CO2 absorbing solution.  
The acquired Ksp values are directly correlated with temperatures and amino-acid concentrations, as to 
be expected [3]. The solubility of sulphate increases with higher temperatures and decreases with 
increased amino-acid concentration, this effect is especially noticeable when the concentration is 
increased from 2 to 3M (Fig. 3). Furthermore, the influence of CO2 loading on the sulphate solubility is 
also significant for a loading of 0.5 in contrast to 0.2mol CO2/mol of amino-acid (Fig. 3a and b). When 
more CO2 is present in the solution, higher Ksp values are obtained, which indicates that more sulphate 
remains in solution. Thus, the presence of CO2 has a salt-in effect on the sulphate solubility; the more CO2 
in solution, the ionic concentrations of carbamate and protonated amine increase, resulting in higher ionic 
strength, and consequently higher sulphate solubility. This trend has been observed for other relatively 
low ionic strength systems [4].  
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Fig. 3. Calculated Ksp obtained from sulphate concentrations measured in the filtrate and potassium concentrations in solution for 2, 
2.5, 3, 3.5, 4M potassium beta-alanate concentration for a range of temperature (20  60oC) at CO2 loading of 0.2 (a) and 0.5 mol 
CO2/mol of amino-acid (b). 
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The application of 2M potassium beta-alanate results in the highest change of SO42- solubility, which 
can be also presented as soluble sulphate concentration in g/L of the liquid content.  Nevertheless, highest 
relative change in SO42- solubility occurs at 3M concentration (Fig. 4). In addition, at 2M amino-acid salt 
concentration, the sulphate solubility is relatively high and even at low temperatures much sulphate 
remains in solution. Furthermore, application of lower amino-acid concentrations results in a lower 
capacity for CO2 absorption. Therefore, the optimal operational concentration is 3M potassium beta-
alanate at lean loading. This observation was based on obtained sulphate solubility values for the process 
design, where the CO2 salting-in effect is less noticeable. Also, at these conditions, the change of the 
temperature between 21°C and 50°C corresponds to the sulphate solubility difference of approximate 12 
g/L. Therefore, concentration of 3M potassium beta-alanate was chosen for CASPER process design 
purposes, next to the operational temperature of  21°C for the crystallization unit dealing with the lean 
stream (where level of CO2 loading corresponds to 0.2mol CO2/mol amino-acid solvent). 
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Fig. 4. Maximum sulphate concentration in solutions of 2, 2.5, 3, 3.5 and 4M potassium beta-alanate and in range of temperatures 
21, 40 and 50°C for loadings 0.2 and 0.5mol CO2 /mol solvent. 
Measured values of pH, density, conductivity and applied CO2 loading did not change during the 
solubility experiments. Therefore, it can be concluded that creating the operational conditions for sulphate 
precipitation and crystallization process do not present any obstacles of either chemical or engineering 
nature and do not influence the CO2 recovery part of CASPER process. 
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3.2. Vapor Liquid Equilibrium (VLE) 
Conducted VLE measurements provided equilibrium partial pressures of CO2 over a 3M potassium 
beta-alanate solution, at 40°C and 120°C, with sulphate-free solution and with a sulphate concentration of 
0.06M, corresponding to 100% of the Ksp value (Fig. 5). At 40°C, the VLE lines of 3M potassium beta-
alanate with and without sulphate gives a similar trend to 5M MEA data, and comparable pressures of 
CO2 are achieved with the same loadings, especially at pressures around and above 0.01bar. Furthermore, 
at 40°C and CO2 low pressures (around 0.01bar and lower), similar loadings are achieved for the beta-
alanine solution with and without sulphate. Nonetheless, when SO2 is present in the solution, some 
acidification of the solvent occurs and, as a consequence, less CO2 is absorbed. The influence of sulphate 
in the solution is more visible at high temperatures as the presence of sulphate moves VLE lines towards 
higher CO2 pressures at the same loadings, which is advantageous for CO2 stripping. This information can 
be effectively used as a guidance for designing optimal conditions in the absorber and in the stripper for 
the CO2 removing process. 
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Fig. 5. VLE experimental data for 3M potassium beta-alanate solution (KAla), without and with sulphate (0.06M SO42-) potassium 
salt obtained for 40 and 120°C. The VLE data for 5M MEA for 40°C is included for comparison purpose. 
3.3. Continuous Crystallization 
Tests performed in the lab-scale crystallization rig (Fig. 2) has shown, as expected, that the sulphate 
precipitation is very much influenced by the residence time of the solution in the crystallization unit. 
Nonetheless, it was proved that residence times over 1.1h do not have any effect on the amount of 
precipitate, therefore, was chosen to operate the crystallization process. Furthermore, obtaining the 
desirable size and shape of potassium sulphate crystals also depends on the residence time, in combination 
with the targeted temperature and a cooling capacity of the crystallization unit. Also, crystals produced 
even before crystallization process reached steady state, were long and needle shaped (Fig. 6a). On the 
other hand, when the process reached the steady state and residence time of the solution in the cold tank 
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was set on 1.1h, round crystals appeared due to the Oswald ripening phenomenon (Fig. 6b). The size of all 
crystals was on average 100m. Obtained slurry was not very dense, therefore, easy to handle by pumps 
and other equipment. Furthermore, K2SO4 solids settle relatively quickly and were easy to filter.  
 
 
Fig. 6. Microscope images of K2SO4 crystals collected from the crystallization set-up at the beginning of the experiment (a) and 
after 1.1h (b). 
The observation that potassium sulphate is easily separated supports the technical feasibility of 
sulphate removal by a crystallization process. Furthermore, all data collected in this step of CASPER 
process experiments have contributed to the technical design and further process testing in pilot plant 
CO2-capture facility. 
3.4. Power Plant Heat Integration  
For the process design purpose, the energy penalty of a CO2 capture plant is one of the most important 
parameters to consider. The energy needed to operate any CO2 capture technology results in a significant 
reduction in the overall thermal efficiency of the power plant, therefore, any decrease in the energy 
penalty contributes to more realistic implementation of CO2 capture in large scale. Besides the energy 
penalty, the capital costs for the capture plant should also be considered. The development of an 
integrated CO2 and SO2 removal system that will use a single contactor to remove both species should 
reduce the capital and energy requirements, thereby resulting in a more cost-effective approach.  
In order to establish the improved performance of this novel combined capture system, the comparison  
to 30wt% MEA as reference case, defined by the iCap consortium, was made.  
The main difference between the reference case and the CASPER case is the absence of the Flue Gas 
Desulfurization (FGD) unit, since CO2 and SO2 are simultaneously removed from the flue gas in the later 
one. In the conventional process, the flue gas leaves the FGD unit at 50-60°C and it requires some extra 
cooling to reach the required temperature before entering the absorber (40-45°C). When the FGD is not 
present, flue gas temperature is approximately 135-140°C. The combined capture process requires low 
flue gas temperatures and even more extensive cooling has to be applied. Thus integrating the excess heat 
into the power plant or capture plant process could help to reduce the efficiency penalty of the capture 
process itself. As the capture process does not possess reasonable heat sinks, besides the steam driven 
reboiler, the heat from the flue gas is shifted to the preheating train of the power plant water-steam cycle, 
as defined by the Hamburg University of Technology  [5]. 
The interface quantities and the energy penalties for the 30wt% MEA process and for the CASPER 
process ware compared and an energetic improvement of 0.7 %-points of the novel process over the 
reference case was shown (Table 1). 
a b 
1158   Katarzyna Misiak et al. /  Energy Procedia  37 ( 2013 )  1150 – 1159 
Table 1. Interface quantities and energy penalties estimated for MEA 30wt% reference case and CASPER process 
 MEA 30wt% [5] CASPER process 
 Interface quantity Efficiency penalty  Interface quantity Efficiency penalty [5]  
Heat duty  3.47 MJ/kg CO2 6.26 %-pts. 3.48 MJ/kg CO2 6.24 %-pts. 
Cooling duty 3.85 MJ/kg CO2 0.19 %-pts. 2.53 MJ/kg CO2 0.14 %-pts. 
Auxiliary power duty. 0.05 MJ/kg CO2 0.44 %-pts. 0.06 MJ/kg CO2 0.52 %-pts. 
Reboiler temperature       120°C         120°C  
Desorber pressure       2.0 bar         1.7 bar  
Compressor duty  2.87 %-pts  3.04 %-pts. 
No FGD unit  NA  -0.32 %-pts. 
Heat integration with power plant1  NA  -0.51 %-pts. 
Overall  9.79 %-pts.  9.12 %-pts. 
1From from flue gas to preheating train [5] 
4. Conclusions 
CASPER is a novel process for simultaneous CO2 and SO2 removal from flue gas. The process 
concept is based on reactive absorption of the acid gases in a solvent, using a potassium amino-acid based 
aqueous solution, and the precipitation of the sulphur as K2SO4. Therefore, targeted milestones for the 
process design and its up-scale implementation have been achieved: 
 The proof of principle was realized. The technical feasibility of the proposed process design has been 
proven in a lab scale; the operational values for optimum sulphate removal process were investigated 
and determined as 3M potassium beta-alanate solution for absorbing solvent and 20°C as sulphate 
crystallization temperature,  resulting in12 g/L sulphate precipitate.  
 The crystallization step being an integral part of combined CO2-SO2 capture technology has been 
characterized; supplying information regarding optimal residence time of the treated stream, the 
feasible amount of precipitate to be obtained (yield) and the shape and size of potassium sulphate 
crystals. This provides a base information for up-scaling and integration of all processes as well as 
more detailed description of included operational units. 
 An equilibrium model to evaluate the most relevant design variables of CO2-SO2 capture process has 
been developed and the process performance has been estimated. 
 Specific energy consumption seems promising compared to the MEA state-of-art. Room for 
improvement still available within the process. Heat integration in the process was also studied. 
5. Future work 
In the next step the stability of the CO2-recovering solvent, potassium beta-alanate will be confirmed 
and the CASPER process main principles, established lab-scale conditions and economic feasibility in the 
full scale CO2-capture pilot plant will be evaluated. Pilot plant demonstration will be carried out by 
CSIRO at the Loy Yang pilot plant (Australia).  
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